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INTRODUCTION 


Fibrous composite materials are as strong as steel, have a lower density than 
magnesium, and can be tailored to have maximum strength and stiffness in specific 
directions* Thus, composite structures are potentially much lighter than conven- 
tional metallic structures, but they are also very notch sensitive because of the 
linear-elastic fibers that carry most of the load. 

Figure 1 illustrates the notch sensitivity of composites compared with metals, 
as well as the extensive range of composite properties* Fracture toughness Kg is 

plotted against ultimate tensile strength F tu for Thornel 300 (T300) 1 graphite/ 
epoxy laminates and metals* All aluminums, steels, and titanium fall within the 
"metals" region, and all t° m / ±45 n /90 p ] s and [0 m /±a n l s laminate orientations or lay- 
ups fall within the "composites" region. (The 0° direction corresponds to the loading 
direction* ) The Kg and F tu values were divided by density to show the relative 
efficiencies of the composites and metals. 

The ratio of Kg to F tu is, in first approximation, proportional to strength 
retention (the ratio of cracked strength to F tu ) for a given crack length. More 
strength retention means less notch sensitivity. For the composites, the strength 
retention for a 5-mm through- the -thickness crack ranges from 51 to 90 percent, 
depending on lay-up. The strength retention is greater than 90 percent for many 
metals, but it would, of course, be less for longer cracks and vice versa. Thus, for 
many lay-ups, the composites are more notch sensitive than metals. 

The fracture toughness of composites depends on fiber and matrix properties as 
well as lay-up. There are literally infinite combinations of fiber, matrix, and 
lay-up - far too many to evaluate experimentally. Thus, some guidance and analysis 
are needed to select fiber, matrix, and lay-up to give maximum fracture toughness for 
a given strength and stiffness. 

The general fracture-toughness parameter developed in references 1 and 2 pro- 
vides such an analysis. With it, the fracture toughness can be predicted for any 
fibrous composite lay-up in terms of the elastic constants and the fiber failing 
strain. The boundaries of the composites region in figure 1 were predicted with this 
analysis. The present paper reports the results of an investigation to evaluate the 
accuracy of this analysis and determine its limitations. 

For this purpose, numerous laminates with various proportions of 0°, ±45°, and 
90° plies were fabricated from T300/5208 2 3 and T300/BP-907 2 graphite /epoxy prepreg 
tape material. The strength of the BP-907 resin is about 1.5 times that of the 5208 
resin. Specimens were cut from the laminates, and cracklike slots were machined in 
the center of the specimens. Maximum failing loads were measured, and values of 


1 Thornel 300 (T300) : Registered trademark of Union Carbide Corporation 

2 5208: Registered trademark of Narmco Materials Corporation. 

3 BP-907: Registered trademark of American Cyanamid Company. 


fracture toughness were computed and compared with predicted values. Radiographs 
were made of some specimens to determine the extent of matrix splitting at the crack 
tips. Crack-tip splitting was also predicted by using the local stress field and 
compared with the splitting revealed by the radiographs. 

Also, a parametric study was made to determine how fiber and matrix properties 
as well as lay-up influence the predicted values of fracture toughness. Both 
^ 0 m/ ±45 n/ 90 p^s and ^°m/ ±a n^s la Y- u P s were considered. 

SYMBOLS 

a half-length of crack or slot, m 

B q ,B 1 ,B 2 coefficients of a series 
C,j,C 2 functions 

{D} column matrix of functions 

d Q characteristic distance, m 

E Young* s modulus. Pa 

F uncracked strength. Pa 

G shear modulus, Pa 

H,j , H 2 functions 

K stress-intensity factor, Pa-m 1 / 2 

Kg critical stress-intensity factor (fracture toughness), Pa-m 1 / 2 

Kg e elastic critical stress-intensity factor, Pa-m 1 / 2 

K Qe critical strain-intensity factor, m 1 / 2 

split length in direction a, m 

£ 2a'^12ot exponents of £ a , m 
M^,M 2 ,M^ 2 elements of column matrix 
m,n,p matrix or number of plies 

N factor indicating how many times plies are repeated in a lay-up 

N q number of ply orientations in quasi-isotropic lay-ups 

[Q] matrix of lamina constants, Pa 

Q c general fracture-toughness parameter, m 1 / 2 

r,0 polar coordinates 
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s 

[T] 

V f 

w 

X/Y 

a 

a* 

[Bl 

Y 

e 

e o 

X 

y 2 

v 

K 

P 
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applied gross laminate stress, Pa 
tensor transformation matrix 
fiber volume fraction 
specimen width, m 
Cartesian variables (see fig. 3) 

fiber orientation angle relative to loading axis, deg 

angle of principal load-carrying plies, deg 

— 1 

matrix of laminate constants, Pa 
shear strain 
axial strain 

far-field strain in y-direction 
proportion of 0° plies, X = m/(m + 2n + p) 
complex roots of characteristic equation 
Poisson* s ratio 
function 

-3 

density, kg-m 
axial stress. Pa 


t shear stress. Pa 

Subscripts: 
c failure 


m matrix or number of 0° plies 

N factor indicating how many times plies are repeated in a lay-up 

n number of ±45° plies or ±a plies 

net stress based on net area 


p number of 90° plies 
s symmetric condition 
tu tensile ultimate 


tuf tensile ultimate of fiber 
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u ultimate 

x,y Cartesian coordinates (where x refers to the 90° fiber direction) 

a plies with angle a 

1,2 principal ply coordinates (where 1 refers to the fiber direction and 

2 refers to the normal to the fiber direction) 

Abbreviation; 

COV coefficient of variation 

The following notation is used to prescribe the laminate orientation or 
lay-up. Ply angles are separated by a slash and are listed in the order of lay-up. 

A numerical subscript on the ply angle denotes how many consecutive plies are at that 
angle. The subscript s, which is outside the brackets that enclose the listing, 
denotes a symmetric condition. A numerical factor of s denotes how many times the 
plies within the brackets are repeated. (The 0 indicates that the 0° ply is not 
repeated but lies in the plane of symmetry.) For example, [0 2 /±45K means 
[0/0/45/-45/0/0/45/-45/-45/45/0/0/-45/45/0/0] . The subscript T outside the 
brackets denotes total; for example, [0] gT means [0/0/0/0/0/0] . 


EXPERIMENTS 

Materials and Specimens 

Graphite /epoxy laminates were made from prepreg tape material with T300 fiber 
and both 5208 and BP-907 resins. Since the 5208 prepreg material was bought several 
years before the BP-907 material, the T300 fibers for the two materials were probably 
not from the same batch. 

The stress-strain curves for the 5208 and BP-907 neat resins from reference 3 
are plotted in figure 2. The strength of the BP-907 resin is about 1.5 times that of 
the 5208 resin. The initial moduli are about the same. 

The 5208 laminates were made by the Douglas Aircraft Company, and the BP-907 
laminates were made by the Fabrication Division at the Langley Research Center. The 
laminates were made with various proportions of 0°, ±45°, and 90° plies. Eleven dif- 
ferent lay-ups (combinations of ply orientations) were made with the 5208 prepreg 
material and four were made with the BP-907 material. (See table I.) The same com- 
binations of ply orientations were used for the 5208 and BP-907 laminates except for 
the quasi-isotropic lay-ups, in which the number of plies in the BP-907 laminate was 
twice that in the 5208 laminate. 

The laminates were cured at 450 K (350°F) according to the suppliers' recom- 
mended cure cycle and were ultrasonically examined by using a C-scan. The C-scans 
for the [45/0/-45/0] 2 S and [45/0/-45/90] 2s BP-907 laminates were attenuated more than 
for the other laminates. The large attenuation could have been caused, at least 
partially, by rough surfaces that appeared to be wrinkled by the vacuum bag during 
cure. Caul plates were used to cure all but these two laminates. Despite the high 
attenuation, the mechanical behavior of these two laminates seemed normal. 
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The laminates were cut into rectangular specimens by means of diamond cutters* 
The specimen configuration is shown in figure 3* The free length between grips was 
at least twice the width. Cracklike slots were ultrasonically cut completely through 
the specimens at their centers. The 0.4-mm-wide slots were oriented normal to the 
loading axis and were never longer than half the specimen width. The slot 
lengths 2a and specimen widths W are given in the following table: 


Slot lengths, 

2a, mm, for W of - 

50 mm 

100 mm 

305 mm 

BP-907 

5.0 


20.0 


10.0 


40.0 


20.0 




5208 



10.3 

30.5 



20.3 

61 .0 



30.5 

91.4 



50.8 

152.4 


Note that the y~axis in figure 3 is normal to the crack and parallel to the 0° 
fiber direction. Although this convention is consistent with fracture-mechanics 
literature, it unfortunately is inconsistent with composite-materials literature. 

The x and y subscripts on the elastic constants herein are reversed to those in 
most composite-materials literature. 

Fiber volume fractions are reported in table I. They were determined by drying 
small coupons, measuring their mass, digesting the matrix, and measuring their 
remaining mass. Fiber volume fractions for the 5208 laminates were about 15 percent 
larger than those for the BP-907 laminates. 

The specimens were stored several years at ambient conditions before they were 
tested. The moisture mass fraction ranged between 0.6 and 0.9 percent at the time of 
testing and was determined by weighing coupons before and after drying. The coupons 
were cut from failed specimens. 

Some of the [±45/0/±45/0] g T300/5208 laminates were incorrectly made to be 
[±45/0/+45/0/±45/0/±45] T , which is unsymmetric. However, no differences between the 
mechanical responses of the symmetric and unsymmetric laminates were discernible. 
Also, one of the [45/0/-45/90] g 5208 laminates and one of the [45/0/-45/90] BP-907 
laminates were rotated 90° so that the 0° and 90° plies were interchanged. The only 
noticeable difference in behavior between laminates with the two stacking sequences 
was in the ultimate tensile strengths of the 5208 laminates. The laminate with 90° 
plies in the middle delaminated at a high stress because of large interlamina tensile 
stresses at the free edge, whereas the laminate with 0° plies in the middle did 
not. The specimens with the stronger BP-907 resin did not appear to delaminate in 
either case. 
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Values of the elastic constants for each lay-up and material are reported in 
table I. The elastic constants were calculated with lamination theory by using the 
[0] 8T constants in table I as lamina constants. For the [0]g T laminate, the Young's 
moduli and Poisson's ratios were determined from tensile stress-strain data. The 
shear modulus was determined from tensile stress-strain data for [±45]2 S laminates. 

4 contains tensile stress— strain data for all of these 5208 laminates. 
Differences between calculated and measured elastic constants were within experi- 
mental inaccuracies. 

Stresses were calculated from loads by using average ply thicknesses of 0.140 mm 
and 0.156 mm for the T300/5208 and T300/BP-907 laminates, respectively. The larger 
ply thickness and lower moduli and strengths of the T300/BP-907 laminates reflect 
their lower fiber volume fraction. (See table I.) 


Procedure 

The fracture tests were conducted under ambient conditions in displacement- 
controlled testing machines of either 89 or 534 kN capacity. The specimens were 
loaded to failure with crosshead speeds of 0.5 and 1.3 mm/min. The lowest speed was 
used for the stiffest laminates with the result that loading rates were uniformly 
small. Strain readings were continuously recorded against load on x-y recorders. 

Thin center-cracked specimens tend to buckle above and below the slots because 
of compressive stresses cr x , which are equal in magnitude to the applied stress. 
Strengths are usually lower when the buckles develop. Because fracture-mechanics 
analyses cannot readily account for these buckles, the buckles were prevented by 
sandwiching the specimen between two relatively thick aluminum plates. To eliminate 
friction, Teflon 4 sheets were placed between the specimen and the plates, and the 
bolts that provided the clamping force were only finger tightened. 

A few of the 50-mm-wide specimens were radiographed with an industrial-type 
"soft" X-ray machine. A tetrabromoe thane or zinc iodide solution, which is more 
opaque to X-rays than graphite /epoxy, was injected at the slit ends to outline matrix 
damage. Fracture results for the 50-mm-wide 5208 specimens are not presented because 
only a few 50-mm-wide specimens were tested. 

Strain gages were located on both sides near one end of each specimen to measure 
far-field strain. Except for the [0]g T , [0 2 /90/0] g , [0 2 /45/0 2 /-45/0 2 ] g , [90/0] 2g , 
and [±45] 2g specimens, the strain-gauge readings were usually within ±5 percent of 
the value for uniaxial stress. For the [0] QT , [0 2 /90/0] g , [0 2 /45/0 2 /-45/0 2 ] g , and 
[90/0] 2g specimens, readings were below the uniaxial values because long 0° splits 
developed at the slot ends. 

For the [±45] 2g specimens, the strain-gauge readings were as much as 1.5 times 
the uniaxial values. These readings were elevated by the rigid grips, which pre- 
vented the large transverse contractions associated with this particular lay-up. A 
finite-element analysis indicated that although the strain-gauge readings were 
elevated by the grips, the stress-intensity factor was virtually identical to that 
for an infinitely long specimen subjected to uniaxial stress. 


4 Tef Ions 


Registered trademark of E. I. du Pont de Nemours & Company, Inc. 
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Except for the [0]g T specimens, the gross failing stress and the ratio 
S net^ F tu are 9^ ven tables II and III for the 5208 and BP-907 specimens, 
respectively. The values for the [0 ]q t specimens are not reported because the 
specimens split to the grips and failed with s ne t = F tu* 


ANALYSIS 

Fracture-Toughness Calculations 

Critical values of the stress-intensity factor or fracture toughness Kg were 
calculated with 


rV2 


K 


K = K 

Q Qe' 


1 - 


Qe 


(1 ) 


TraF 


tu , 


where 


Kg e = s c t^ a sec (na/W)] 1 / 2 


is the usual elastic stress-intensity factor (refs. (1) and (2)), S c is the 

gross failing stress, a is the slot half-length, and [sec (ira/W)]^/ 2 is an 
isotropic, finite-width correction factor. The isotropic correction factor is 

reasonably accurate for the specially orthotropic laminates. For long cracks, 

2 2 

K Q e / 7raF tu << 1 and K q * K Q e ; and for a = equation (1) gives S c = F tu . Values 

of Kg calculated with equation (1) are given in tables II and III for each 
specimen. Average values of Kg and coefficients of variation (COV) are reported in 
table IV for each lay-up. The measured F tu values in table I for lay-ups with 
0° plies were not used in equation (1). They are suspect because the failing 
strains vary from 0.00769 to 0.0116. Therefore, F tu values calculated by E y^tuf' 
where e tuf = 0.010, were used in lieu of the measured values. They are shown within 
parentheses in table I. For lay-ups without 0° plies, the actual measured values 
of F tu in table I were used in equation ( 1 ) . 


Fracture-Toughness Predictions 

In references 1 and 2, a general fracture-toughness parameter that can be used 
to predict the fracture toughness of composite laminates was derived. The predic- 
tions require only the elastic constants of the laminate and the ultimate tensile 
failing strain of the fibers derivation is briefly repeated for con- 

venience as follows: 

First, attention was directed to the principal load-carrying plies. These plies 
are the stiffest and strongest plies in a laminate with respect to the loading 
direction, and they carry most of the load. Consequently, their failure is suffi- 
cient to cause the failure of all other plies. Thus for the lay-ups in table I, the 
principal load-carrying plies are the 0° plies, except for the [90/45/90/-45] g and 
[±45 ] 2 S la Y" u P s in which they are the 45° plies. 
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Next, failure of the principal load-carrying plies was predicted by using a 
maximum-strain criterion* At failure, the fiber strains ahead of a crack tip in a 
specially orthotropic laminate under plane stress and mode I conditions are given by 


e 1c = Q c (2irr) ^ + B Q + B^ 1 ^ 2 + B 2 r 3 '' 2 + ... (2) 


where r is the distance from the crack tip* The coefficient Q c is the general 
fracture- toughness parameter given by 


Q c = k q£/ e y 


(3) 


where Kq is the critical value of the stress-intensity factor or fracture toughness 
and 


5 = 


1 - v (E /E ) 
yx x' y 


1/2 


1/2 2 2 
(E /E ) 7 sin a* + cos a* 
y x 


The constants E x , Ey, and v yx are the usual extensional elastic constants of the 

laminate, and a* is the angle that the principal load-carrying fibers make with the 
y-axis. 

At failure, the critical level of fiber strains in the principal load-carrying 
plies just ahead of the crack tip was assumed to be the same, regardless of lay-up. 
Furthermore, the critical strain level was assumed to increase in proportion to the 
ultimate tensile failing strain of the fibers e tuf • This criterion is equivalent to 
a "point-strain 11 criterion applied to the principal load-carrying plies. That is, at 
failure, e-j c = e tuf at r 38 ^o ec 5 uat i° n (2). By retaining only the r ~^/2 
term, equation (2) gives 


( 2ird )V* 
e. _ o 

tuf 


which is a constant for all composite laminates, independent of lay-up and material. 

In reference 2, values of Q c /e tu f were calculated for numerous materials and 

lay-ups. A representative value of 1.5 mm 1 / 2 (where d Q = 0.36 mm) was obtained for 
laminates with small crack-tip damage, and it was much larger for laminates that 
developed long 0° splits at the crack tips. Equation (2) does not take splits into 
account and is not valid in this case. Replacing Q c by ^*^ e tuf mm ^ 2 in situa- 
tion (3) and solving for Kg gives 


K Q " 1 * 5e tuf E y/£ 


(4) 
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Values of Kg were predicted with equation (4) for each lay-up by using the elastic 
constants in table I and e tuf ” 0 .010, and they are listed in table IV. 


RESULTS 

Crack-Tip Damage 

[0] , [0/90/0] , [0./45/0 /-45/0 ] , and [90/0] specimens.- Splits developed 

ol 4 S / 4 z! S ZS 

at the slot ends in the 0° plies before overall failure, as seen by the radiographs 
in figure 4 that were made near failure. (These results are representative of other 
slot lengths and specimen widths.) The plane normal to the laminate that contains 
the split is relatively weak because 50 percent or more of the plies are 0° plies. 

For the [0 ]q t specimens, the splits initiated at relatively small loads and extended 
to the grips well before failure. Consequently, the stress-concentration factor was 
reduced to unity, and the ligaments failed with s ne t = F tu* Tiie stra i n “ 9 ciuge 
readings indicated that specimens with the 5208 matrix split at lower stresses than 
those with the stronger BP-907 matrix. 

Of the [0 2 /90/0] g , [O 2 / 45 /O 2 /- 45 /O 2 ] g , and [90/0] 2s specimens, splits were 

longest in the [02/90/0] g specimens and shortest in the [90/0] 2s s P ec ^ mens * Usually, 
the splits did not extend to the specimen ends. The radiographs in figure 4 also 
indicate that the 0° and off-axis plies delaminated in a narrow region along the 
splits of the [0 2 /90/0 ] s and [O 2 / 45 /O 2 /- 45 /O 2 ] s specimens, but not in the [90/0] 2s 
specimens. The delaminations reduced the effectiveness of the off-axis plies to 
retard splitting. Consequently, delaminations made the splits longer. 

Fracture paths were self-similar (coincided with a line containing the slot) in 
the [90/0] 2g specimens, but not always in the [0 2 /90/0] s and [O 2 / 45 /O 2 /- 45 /O 2 ] g 
specimens. When the fractures were not self -similar, they initiated in the splits 
some distance above or below the ends of the slot, as seen in the photographs of 
failed specimens in figure 5. 

The 0° splits in these specimens were long enough to affect the remote strain- 
gauge readings. As the splits lengthened, the readings fell below the strains asso- 
ciated with a uniaxial state of stress. For the [0 ]q t specimens, the readings 
virtually fell to zero because the splits extended past the gauges to the grips. 

[90/0/90/0/45/0/-45/0] , [45/0/-45/0] , [45/0/-45/0] , [±45/0/±45/0] , and 

S S 2S S 

[45/0/-45/90] g 5208 specimens and [45/0/-45/0] 2g and [45/0/-45/90] 2g BP-907 

specimens .- The radiographs in figure 4 do not reveal 0° splits. If any exist, they 
are relatively small. However, the radiographs do reveal splits in the ±45° and 
90° plies of most specimens, and they also reveal delaminations within the sectors 
between ±45° splits in the [±45/0/±45/0] g and [45/0/-45/90] g 5208 specimens. The 
±45° splits were much smaller in the BP-907 specimens. Also, the radiographs of 
BP-907 specimens did not reveal 90° splits nor de laminations. Thus, crack-tip damage 
was much less in the stronger BP-907 matrix than in the 5208 matrix. 

Fracture paths for this group of specimens were self-similar except for the 
[±45/0/±45/0 ] g specimens, in which the fractures usually extended to the specimen 
edge at 45° to the slot. These specimens also delaminated along the fracture path. 
(See fig. 5.) 
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In general, the surface plies of the 5208 specimens tended to peel along the 
fracture path, whereas the surface plies of the BP— 907 specimens cohered, 

^ ±45 ^2s and 1 90/45/9°/— 45 ] g specimens.- Splits can also be seen in figure 4 at 

the slot ends in the ±45° plies of these specimens. They were much smaller in the 

[±45] 2s bp “ 907 specimen than in the t±45] 2g 5208 specimen. In addition, splits can 

be seen in the 90° plies within the net section of the [90/45/90/-45] specimen. 

s 

The fracture path in the [±45] 2s 5208 specimen in figure 5 was not self- 
similar. For the 1 00-mm-wide specimens, the path usually extended from each slot end 
to the specimen edge at a 45° angle, and the specimens delaminated along the fracture 
path. Thus, failure was via matrix and not fiber. For the 305-mm-wide specimens, 
the fracture path was initially self-similar; but after the fracture extended a short 
distance, the path turned and proceeded to the specimen edge along a 45° angle like 
the 1 00-mm-wide specimens. In contrast, the fracture path in the [±45] 2g BP-907 

specimens was largely self-similar, with little delamination. Thus, failure was via 
fiber. 


Splitting Predictions 

Equation (13) in the appendix was used to predict the lengths of splits Z 
emanating from the crack tips. It was derived by using the Tsai-Hill failure cri- 
terion (ref. 5) and the singular stress field given by the theory of elasticity. 

Table V contains the values of Z for each ply orientation of each lay-up in 
table I. 

In addition, Z^ a , Z 2a , and &i2a' which are the contributions to Z from the 
lamina stresses a 1 , a 2 , and t 12 , respectively, are given in table V. T&y also 

correspond to split lengths predicted by the maximum-stress criterion. Thus, the 
relative values of ^2<x' an< ^ ^1 2a indicate which stress components are the 

principal cause of splitting in the various plies. 

The values of Z a in table V are largest for the 0° plies of the 1 0 ] 8t , 

s' an< ^ [90/0] 2g l a y~ u P s f much like the radiographs 
indicated. The £i2 a values are small except for the 0° plies of the aforementioned 
lay-ups and t±45 ] 2s • (For the 90° plies, ^i2a = 9 because of symmetry.) The 

A 1a values are small for all the lay-ups but, on the other hand, the Z 2 values 

are large for all the plies that tended to split. Thus, the a 2 stress is probably 
the principal cause of the splitting observed in the radiographs of figure 4. The 
t 12 stress contributes only to the splitting of the 0° plies in the [0] 8t , 

[0 2 /90/0] s , [0 2 /45/0 2 /-45/0 2 ] g , and (90/0] 2g laminates and of the 45° plies in the 
[±45 ] 2s laminate. 

The Z a values in table V for the BP-907 laminates are less than half those for 
the corresponding 5208 laminates. Recall that the strength of the BP-907 epoxy is 
about 1.5 times that of the 5208, and split length decreases with the square of the 
allowable stresses. 

The values of Z a are also drawn to scale in figure 6 for each laminate. The 
predicted split patterns agree with those in the radiographs in figure 4. However, 
the lengths of 0° splits in the [0]g T , [0 2 /90/0] g , and [0 2 /45/0 2 /-45/0 2 ] s 5208 

specimens and of 45° splits in the [90/45/90/-45] g and t±45] 2g 5208 specimens were 
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greatly underestimated for the following reasons: (1 ) The predicted Kq values in 

table IV were underestimated, as will be discussed later; and (2) the singular stress 
field in the appendix does not take the splits into account and, thus, the local 
stresses are underestimated, especially when is large. 


Fracture Toughness and Strengths 


The measured values of fracture toughness in table IV were divided by the pre- 
dicted values and are plotted in figure 7. Three ratios are shown for each lay-up. 
The middle value represents the average measured value, and the other two values are 
one plus and one minus the coefficient of variation (COV). Thus, the difference 
between the highest and lowest values for each lay-up represents two standard devia- 
tions. The ±0.10 region about unity represents a typical coefficient of variation 
for f of unidirectional graphite /epoxy specimens. The fracture specimens should 
have the same coefficient of variation if the failures are via fibers. 


The measured strengths in tables II and III are plotted against slot length as 
symbols in figures 8 and 9. Predicted strengths are plotted as solid lines for com- 
parison. They were calculated by use of equation (1) with the predicted Kg values 
in table IV. In order for the predictions to be independent of specimen width, the 


strengths were multiplied by the finite-width correction factor 
Solving equation (1 ) gives 


[sec ( 7 ra/W)] 


1/2 


S [sec 
c 


Ua/W)] 1/2 



(5) 


As before, values of F tu = E y£ tu f were used in equation (5) for lay-ups with 
0° plies, and measured values in table I were used for lay-ups without 0° plies. 

Since the net-section stress is limited to F tu , strengths are limited to 


S^fsec (ira/W)] 1 / 2 = F tu ^ - [sec (ira/W) ] 1//2 


which is plotted for the different specimen widths as dashed lines in figures 8 
and 9. 

For convenience, the following discussion of the fracture-toughness values and 
strengths is divided between lay-ups with 0° plies and those without 0° plies. 

Lay-ups with 0° plies .- As previously noted, the [0 2 /90/0] g , [0 2 /45/0 2 /-45/0 2 ] g , 

and [90/0] 2g specimens developed long splits at the slot ends in the 0° plies. The 
splits elevated the strengths and, consequently, the K Q values. (See figs. 7 

and 8(a) to (c).) Recall that the splits were longest for the [0 2 /90/0] s specimens 
and shortest for the [90/0] 2s specimens. The elevation in Kg values and strengths 
varied accordingly. The strengths for many of the [02/90/0] g specimens in fig- 
ure 8(a) were elevated so much that s ne t * F tu* As a resu ^ r the mean Kg value 
was more than three times the predicted value. Note also the large scatter in the 
strengths in figures 8(a) to (c) and, correspondingly, the large COV values for Kg 
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in figure 8. This variability is probably caused by variability in splitting of the 
0 plies. Although the strengths of some C 90/0 ] 2 S specimens were 50 percent larger 
than predicted, some were as low as predicted, which indicates that some specimens 
apparently did not split much at all. 


For the other lay-ups with 0° plies, crack-tip damage was relatively small, and 
the measured and predicted values of Kg and strength agreed fairly well. (See 
figs. 7 and 8(d) to (j).) Except for the [45/0/-45/0] 2 BP-907 and [45/0/-45/90] 

5208 lay-ups, the mean values of Kg in figure 7 are within ±10 percent of the pre- 
dicted values. For the [45/0/-45/or 2g BP-907 lay-up it is 18 percent below, and for 
the [45/0/-45/90J s 5208 lay-up it is 22 percent above. Of course, the strengths show 
the same difference. A similar trend was found in reference 2. 

Although the 0° plies did not split noticeably at the slot ends, the 45° and 
90° plies did. However, splitting of the 45° and 90° plies should not elevate 
strengths as much as splitting of the 0° plies, which are the principal load-carrying 
plies. The coefficients of variation, which lie between 0.056 and 0.144, are close 
to that for fiber strengths (0.100). They are smaller for the BP-907 lay-ups than 
for the corresponding 5208 lay-ups (26 to 37 percent less). Recall from figures 4 
and 6 that crack-tip damage was also smaller for the BP-907 matrix than for the 
weaker 5208 matrix. Thus, the variability in Kg values increased with crack-tip 
damage even when the damage was relatively small. 

Except for the [45/0/-45/0] Ng lay-ups, the predicted Kg values in figure 7 
were a lower bound for the average measured values. If Q c /e tuf was reduced from 
1.5 to 1.25 mm ' in equation (4), the predictions would have been a lower bound for 
all average measured values. Furthermore, if 2c/ £ tuf was reduced to 1.15 mm^^, 
the predictions would have been a lower bound for all average measured values less 
one standard deviation. 

Harris and Morris (ref. 6) also found that Kg was strongly affected by crack- 
tip damage. For thick T300/5208 laminates, crack-tip damage was small and occurred 
only in the plies near the surface. The interior plies had little or no damage. 

Thus, the behavior of the thick laminates was dominated by plies that had little or 
no damage. For [0/±45/90]^ g and [0/90]^ g laminates. Kg decreased with thickness; 
but for [0/±45] Ng , Kg increased with thickness. Because [0/±45) Ng is similar to 
[45/0/-45/0J Ng , the large Kg values here for [45/0/-45/90] g and [90/0] 2g 5208 
laminates and the small Kg values for [45/0/-45/0J Ng 5208 laminates are consistent 
with the findings of Harris and Morris. The decrease in Kg with thickness for 
[0/±45] Ng is unexpected on the basis of crack-tip damage. The cause is not obvious. 

Lay-ups without 0° plies .- The ±45° plies are the principal load-carrying plies 
of the [90/45/90/-45]^ and [±45] 2g 5208 specimens. Consequently, the large ±45° 
splits at the crack tips of these specimens elevated strengths much like the large 0° 
splits in specimens with 0° plies. For this reason, the measured strengths of the 
305-mm-wide specimens in figures 9(a) and (b) are greater than the predicted curve. 

In contrast, the strengths of the 100-mm-wide specimens are closer to the predicted 
curve, especially those of the [±45] 2g 5208 specimens. They are closer because the 
strengths are constrained to lie between the predicted curve and the S = f 
curve. These curves are much closer together for the 100-mm-wide specimens than for 
the 305-mm-wide specimens. They virtually coincide for the 100-mm-wide [±45] 2 5208 

specimens. Thus, the measured and predicted strengths are constrained to agree for 
the 100-mm-wide [±45] 2g 5208 specimens, and the agreement is fortuitous. The 
average Kg values for the 100- and 305-mm-wide [±45] 2g 5208 specimens are 1.08 



and 1.64 GPa-mm 1 / 2 , respectively. The elevated value for the 305-mm-wide specimens 
is more representative of this lay-up than the average of all the specimens in 
table IV. On the other hand, the average Kg value for the 305-mm-wide 
[90/45/90/-45 ] q specimens is only 13 percent greater than that for the 100-mm-wide 
specimens. Thus, the value in table IV is fairly representative for that lay-up. 


In contrast to the behavior of the [±45] 2g 5208 specimens, the [±45] 2jg BP-907 
specimens split much less, and the strengths and Kg were less. Also, the strengths 
(except for 2a = 5 mm) and Kg were overpredicted rather than underpredicted. (See 
figs. 7 and 9(c).) The [±45] 2jg boron/aluminum specimens in reference 1 were simi- 
larly overpredicted. (The curves in fig. 10 of ref. 1 were mislabeled. The labels 
for the top and bottom curves should be reversed. ) The stress strain curves for both 
[±45] 2g BP-907 and boron/aluminum are very nonlinear, and the failing strains are 
greater than 8 percent. It was also shown in reference 1 that the strain-intensity 
factor Kg £ and the failing strains of all boron /aluminum lay-ups that have non- 
linear stress-strain curves could be predicted more accurately than Kg and the 
strengths. Therefore, Kg and the failing strains were also predicted here for 
[±45] 2 S BP-907. * 


For a uniaxially loaded center-cracked specimen, 


e oc S c/ E y 


and K, 


for a linear-elastic material. For 
(tables I and IV, respectively), K, 


E„ « 16.7 GPa and 

J/2 


K q = 0.928 GPa-mm 1 / 2 


8e_ = V E Y 


Qe = 0.0556 mm 7 • Values of Kg g were computed 

for each specimen by using equation (1) with Kg, S c , and F tu replaced by K Q e E y' 
” — J " respectively. Because the grips elevated the strain-gauge read- 


e ocV and 


e tu E y 


ings, far-field failing strains e oc were calculated from the strengths by using the 

"C g £ are given in 

is 0.0540 mm^/ 2 , which is 


stress-strain curve in figure 10. These values of e QC and K ( 


table III(c) for each specimen. The average value of Kg^ 
within ±3 percent of the predicted value. Therefore, the agreement between measured 
and predicted Kg £ values is much better than that between the K n values in 


figure 7. 


Failing strains were predicted by using equation (5) with Kg, S c , and F fcu 

replaced by K Qe E y' e oc E y' an< ^ e tu E y' res P ect i ve lY' and with Kg g = 0.0556 mm 1 / 2 
and e tu - 0871. Strengths were then calculated by using the nonlinear stress- 

strain curve in figure 10 and plotted in figure 9(c). As expected, the strengths 
calculated from predicted failing strains are lower than those predicted directly 
with Kg. They agree better with the measured strengths for 2a = 20 mm, but not 
with those for 2a = 5 mm. Although the agreement is better in one case than in the 
other, the strengths calculated from predicted failing strains are conservative in 
both cases, whereas those predicted directly with Kg are not. 


Parametric Study of Factors Influencing K r 


Fiber properties .- When all plies of a laminate are made of one material, the 
fracture toughness Kg of the laminate is proportional to fiber strength and does 
not depend on fiber failing strain. This can be shown relatively easily with equa- 


tion (4) for lay-ups with 
case. 


E = 
X 


such as quasi-isotropic lay-ups, 


ys = yi - V yx ). 
terms of lamina constants and replacing 
written as 


For this 
and 


By using lamination theory to express E and v OT in 

y 

equation (4) can be 


E 11 e tuf with 


v f p tuf' 
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K Q ~ 0,75V f F tuf [ E 1 1 + E 22^ + 2v 1 2^ ]/ (E 1 1 “ V 12 E 22* 


( 6 ) 


For E 22/ E 1 1 < 1 ' the factor in brackets on the right-hand side of equation (6) is 
approximately 1 + [(1 + 3v ., 2 ) E 22 / E -, y ]• Th« 3 / k q is proportional to V f and 

F tuf and increases approximately linearly with the ratio E--/E, 1 and v 1t? . 

For E 22 / El1 « 1, K g - 0.75V f F tuf . 

Predicted and measured values of Kg from equation (6) and reference 2, respec- 
tively, are plotted in figure 11 for [0/±45/90] g laminates made with five different 
combinations of fiber and resin matrix materials. The calculations were made by 
using the properties in table I and in the following table: 


Material 

E 1 1 ' 
GPa 

E 22' 

GPa 

v 12 

g 12' 

GPa 

V f 

Boron/epoxy . . 

207 

20.7 

0.270 

7.31 

0.45 

Celion 6000^/polyimide . . . 

136 

9.31 

.357 

6.14 

.61 

E-glass/epoxy 

38.6 

8.27 

.260 

4.14 

.53 


The experimental values of Kg agree well with equation (6). The curve for boron 
and graphite is close to that for e 22 / e i i = 0, but the curve for E-glass is signifi- 
cantly elevated by a relatively large value of e 22 / e ii* Notice that the laminate 
with the smallest fiber failing strain (shown in parentheses in figure 11) has the 
largest Kg and vice versa. 

For lay-ups with 0° plies, laminate strength F tu , like Kg, is approximately 
proportional to fiber strength F fcuf . Consequently, the ratio Kg/F tu , which is a 
measure of notch sensitivity or strength retention, is approximately independent of 
F tuf* an increase in fiber strength would increase laminate strength without 

increasing notch sensitivity. For lay-ups without 0° plies, an increase in fiber 
strength should also not increase notch sensitivity. In fact, it should increase 
Kg without changing F^_ u and will thus decrease notch sensitivity. 

Fiber stiffness, as well as fiber strength, affects Kg when different kinds of 
fibers are combined as in a "hybrid" laminate. Consider a hybrid with Du Pont 
Kevlar 49 or S-glass 0° plies and T300 graphite off-axis plies. These fibers have 
similar strengths, but T300 graphite fibers are much stiffer than either Kevlar 49 or 
S-glass fibers. The lamina properties for these fibers in a 5208 epoxy matrix are 
tabulated as follows: 


Material 

E 11' 

GPa 

E 22' 

GPa 

v 12 

G 1 2' 
GPa 

e tuf 

T300 graphite/epoxy .... 

129 

10.9 

0.312 

5.65 

0.0100 

Kevlar 49/epoxy 

74.1 

5.16 

.421 

2.07 

.0165 

S-glass/epoxy 

49.4 

17.8 

.291 

4.48 

.0271 


5 


Celion 6000: 


Registered trademark of Celanese Corporation. 
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Values of Kq were calculated by use of equation (4) for the hybrids and for 
[45/0/-45/90] 2g and [45/0 2 /-45/90] 2g epoxy lay-ups made with all T300 graphite, all 
Kevlar 49, and all S-glass plies. For the hybrid laminates, the failing strain of the 
0° fibers was used for equation (4). The laminate constants were calcu- 

lated from the lamina constants by using lamination theory. The values of laminate 
constants and Kg are given in table VI. 

The predicted Kg values are plotted in figure 12 for the [45/0/-45/90] 2s 
lay-ups. For the lay-ups of one material (open bars), notice that Kg for S-glass 
is about 50 percent greater than that for T300 graphite and Kevlar 49, even though 
fiber strengths are nearly equal. They differ because E 22 /E 1 ^ for S-glass is four 
times that for T300 graphite and Kevlar 49. (Recall that Kg increases linearly 
with E 22/ E 1 1 ^ or this lay-up.) For the hybrids, the combination of fibers 
affects Kg synergis tically . For the S-glass hybrid (and similarly for the 
Kevlar 49 hybrid), Kg is larger than that for the lay-ups of either all S-glass or 
all T300 graphite. Thus, Kg is larger when the off-axis plies are stiffer than the 
0° plies. The increase in laminate stiffness produces this effect by reducing 
strains in the principal load-carrying plies for a given applied stress. The 
increase in Kg with E 22 /E,| 1 is produced the same way. 

Experimental results for the hybrids (ref. 7) and for the lay-up of all T300 
graphite (table IV) are plotted in figure 12 for comparison. Only the results for 
the widest (101.4 mm) hybrid specimens in reference 7 are plotted. The strengths of 
the narrower specimens are lower because the strengths are limited by large net- 
section stresses (S net * ) . '® rie ex P er i ment s and predictions agree quite well. 

The predicted Kg values for the [45/0 2 /-45/90] 2s lay-ups are shown in fig- 
ure 13. The values for [45/0/-45/90] 2g are included for comparison. For each 
[45/0 2 /-45/90] 2g lay-up, the predicted value of Kg is only slightly larger than 
that for the corresponding [45/0/-45/90] 2g lay-up. The difference is less than 
20 percent. The trends for the two lay-ups are the same. The experimental values 
for the 1 01 .6-mm-wide [45/0 2 /-45/90] 2g specimens from reference 7 are shown for 
comparison. In the [45/0 2 /-45/90] 2g specimens, the 0° plies split extensively at the 
slot ends and the experimental Kq values were greatly elevated, particularly for 
the Kevlar 49 hybrid. 

Matrix properties .- Recall that the value of Q c was shown to be ^^^tuf mm1 
for all fibrous composite materials with small crack-tip damage (ref. 2). For T300 
fibers with e tuf = 0.010, Q c = 0.015 mm 1 / 2 regardless of matrix properties and 
fiber volume fraction. To verify this, Q c values were calculated for the BP-907 
and corresponding 5208 lay-ups and plotted in figure 14 for comparison. For the 
[45/0/-45/90) Ng and [45/0/-45/0] Ng lay-ups, Q c = £Kg/E y was calculated by using the 
average values of Kg in table IV. For the [db45 ] 2g BP-907 lay-up, Q c = £Kg g was 
calculated by using Kg e = 0.0540 mm 1 / 2 , which was the average of the Kg g values 
in table III(c); and for [±45] 2g 5208, Q c = £Kg/E y was calculated by using 
Kg = 1.64 GPa-mm 1 / 2 , which was the average of the Kg values for the 305-mm~wide 
specimens in table II(j). As noted previously, these calculations give better esti- 
mates of Q c for the [±45] 2g lay-ups than those calculated with the mean values of 
Kg in table IV. All calculations were made with the E^ and £ values in table I. 

Also for comparison, the measured and predicted strengths of the 5208 and BP-907 
specimens are plotted against slot length in figure 15. Each symbol represents an 
average strength for a given slot length and specimen width. The strengths for 
1 00-mm-wide 5208 specimens, which failed at s ne ^ - F tu' are not plotted in 
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figure 15(c). The strengths are multiplied by the finite-width correction factor as 
before. The BP-907 strengths are also multiplied by the ratios of for the cor- 

responding 5208 and BP-907 lay-ups to eliminate the effect of differences between 
V f values. The strengths of the specimens were predicted as before. For the 
[±45] 2g BP-907 specimens, the strengths calculated from predicted failing strains 
were plotted rather than those predicted directly. 

For the [45/0/-45/90 ] Ns and [45/0/-45/0] 2g lay-ups, the F fcu and predicted 
Kq values for BP-907 and 5208 are nearly equal when adjusted for the differences in 
fiber volume fractions. Consequently, the predicted values of strength for BP-907 
and 5208 are virtually equal and are represented by a single curve in figures 15(a) 
and (b). Even though the measured values of Q c and the strength for 5208 are 
slightly larger than those for BP-907, they still agree well with the predictions. 
Recall that crack-tip damage, albeit relatively small, was also larger for the 
5208 lay-ups. 

The Kg (and thus Q q ) values of the [45/0/-45/90] s and [45/0/-45/0] 2g 5208 
specimens also increase somewhat with slot length. (See the Q c values in fig. 16.) 
The other 5208 lay-ups exhibit this same trend, as seen in table II. (Many other 
investigators have noted a similar behavior.) This increase is especially noticeable 
for the [0 2 /90/0] g , [0 2 /45/0 2 /-45/0 2 ] g , and [ 90/0 ] 2s specimens, which developed 
splits in the 0° plies at the slot ends. The Q c values for the BP-907 specimens, 
which are also plotted in figure 16, do not exhibit this trend up to the longest 
slots tested. Thus, the evidence here indicates that crack-tip damage causes Kq 
to increase with crack length. Furthermore, the average Q c values for 5208 in 
figure 14 are biased toward short slots, which are the most numerous. For this 
reason, the agreement between Q c values for 5208 and BP-907 may be limited to short 
slots. The difference between these epoxies may be more important for long slots. 

For the [±45 ] 2s lay-ups, the predicted values of strength for BP-907 and 5208 in 
figure 15(c) are equal for long slots but not for short slots. The predicted Kq 
values are virtually equal when adjusted for the difference between fiber volume 
fractions, but the adjusted value of F t for BP-907 is about 1.5 times that for 
5208. Consequently, when the slots are small, the predicted values of adjusted 
strengths for BP-907 are larger than those for 5208. As slot length increases, the 
curves cross because of the nonlinear stress-strain behavior of [±45] 2g BP-907 and 
merge for long slots as the strengths approach Kg( 7 ra)~^ The measured values of 
strength and Q c for 5208 are much greater than the predicted values because of the 
extensive splitting noted previously; on the other hand, those for the stronger 
BP-907 matrix, which split much less, are smaller and agree with the predictions. 

Therefore, when lay-ups tend to split at the crack tips, an increase in matrix 
strength reduces Kq and thus increases notch sensitivity. For angle-ply lay-ups 
like [±45] 2g , failure of uncracked specimens is via the matrix, and an increase in 
matrix strength also increases F tu* ( In table I, F tu is 24 percent greater for 
[±45] 2s BP-907 than for [ ±45 ] 2s 5208.) Consequently, an increase in matrix strength 
can increase the notch sensitivity of angle-ply lay-ups even when they do not split 
at the crack tips. 

Matrix stiffness also affects Kq through the elastic constants E x , E y , and 
Vy X * (Recall that Kq = 1 • 5e tuf E y/^* ) However, for different resin matrices, the 
elastic constants and, consequently, Kq are usually not much different for a given 
fiber volume fraction. Such is the case for 5208 and BP-907. Even differences 
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between the elastic constants for metal and resin matrices will not greatly affect 
Kg (ref, 2). Thus, for lay-ups that tend to split at the crack tips, matrix 
strength affects Kg much more than matrix stiffness. 

Lay-up. - The dependence of Kq on lay-up is shown in the Cordell graph (ref. 8) 
in figure 17. Here, values of Kg predicted by equation (4) for T300/5208 are 
plotted against the proportion of 0°, ±45°, and 90° plies. Splitting at the crack 
tips is, of course, not taken into account. Two surfaces are predicted - one for 0° 
principal load-carrying plies and one for 45° plies. (A surface is not shown for 
90° plies since is not critical for these plies.) The two surfaces intersect 

along the line for which E x = E^. Here, also. Kg is a constant. The surface for 
45° plies will govern only in the foreground of the graph, in which the proportion of 
0° plies is zero or very small. 

The surfaces in figure 17 are inclined so that Kg increases with the propor- 
tion of 0° plies whenever the proportion of 45° or 90° plies are held constant. How- 
ever, Kg does not increase with the proportion of 0° plies in other cases. For 
example, along the line E x = E , the proportion of 0° plies varies from 0 for the 
[±45] lay-up to 50 percent for the [0/90] lay-up, and Kg is constant. (Recall that 
the predicted Kg value in table IV for the [ ±45 ] 2s ' [45/0/-45/90] g , and [ 90/0 ] 2s 

5208 lay-ups is 1.11 GPa-mm*/ 2 .) Moreover, the surfaces in figure 17 are tilted so 
that Kg can even decrease as the proportion of 0° plies increases. 

Several researchers have reported that Kg increases with F tu (refs. 9, 10, 
and 11). For lay-ups with 0° plies, replacing £tuf E y in ec I uat l on (4) with F tu 
gives 


k q - ’-Vf 


Thus, according to this equation. Kg is not only proportional to F^ u but it also 
varies inversely with £• Since £ and F tu var y with lay-up. Kg does not neces- 
sarily increase in proportion to F t u * 

To show how Kg varies with F fcu , numerous planes were passed through the 
surface for 0° principal load-carrying plies (a* = 0°) in figure 17. Values of 
F tu were calculated by using Ctuf E y* The results are plotted in figure 18. The 
curve for X = 0 was calculated for a* = 0° and is thus hypothetical. It 
represents the limit for a small number of 0° plies. The Kg values predicted for 
[±45] 2 g and [90/45/90/-45] g lay-ups assuming a = 45° are plotted as symbols against 
actual F tu values. They are close to the X = 0 curve. 

The results indicate that Kg and F tu are not uniquely related, although 
Kg does, in general, increase with F ^ u * Notice that they are approximately pro- 
portional for t° m / 90 pl s lay-ups. Values of Kg are largest for [0 m /±45 n ] g lay-ups 
and smallest for [0 m /90p] g lay-ups. The values for [±45 ] 2s and [90/45/90/-45] g 

lay-ups are to the left of the X = 0 curve. For lay-ups with E x ~ E y / F t u 
varies from 160 MPa for [±45] g to 705 MPa for [0/90] g , even though Kg is constant. 
On the other hand, for lay-ups with a constant proportion of 0° plies, F^ u is more 
nearly constant but Kg increases dramatically with the proportion of 45° plies. 

For a given proportion of 0° plies, the most notch-sensitive lay-ups (smallest ratio 
of Kg to F tu ) are [0 m /90p] s f and the least sensitive are [0 m /±45 n ] g • Notice that 
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lay-ups with E x - E^ have the greatest range of notch sensitivity. The [±45]., 
lay-up is the least notch sensitive. s 

Recall that the [0J 8t , [0 2 /90/0] s , [0 2 /45/0 2 /-45/0 2 ] s , and [90/0] 2g specimens 
split extensively at the crack tips. The [0] 8T specimens for both BP-907 and 5208 
split from the crack tips to the grips before the intact ligaments failed at 
S net = F tu* Sonie [0 2 /90/0] g specimens split to the grips also. Even when the splits 
did not extend to the grips, Kq values were 50 to 250 percent greater than those 
predicted in figure 18. (See fig. 7.) Therefore, the notch sensitivity of these 
lay-ups is greatly exaggerated in figure 18. However, extensive splitting at the 
crack tips is actually a longitudinal failure and is not acceptable in most applica- 
tions. Thus, lay-ups that split extensively when notched have few applications. 
Laminates will be made with matrix materials that are strong enough to prevent or 
limit crack-tip damage like splitting and will therefore have Kq values near those 
predicted with Kq = 1 . Se^^Ey/^. For example, unidirectional boron/aluminum, which 
has application in tubes, does not split like unidirectional lay-ups with conven- 
tional epoxies. The [0] 6T boron/aluminum specimens in reference 1 failed in a self- 
similar manner near the predicted Kq value. 

For metals, crack— tip yielding elevates Kq much like crack-tip splitting for 
the composites here. To assure minimum or valid Kq values for metals, the size of 
the yield zone is restricted to be small compared to the specimen thickness. The 
size of the yield zone is predicted by using the singular stress field with a 
maximum— stress criterion. Minimum Kq values for composites could be assured simi- 
larly by restricting split length to be much less than crack length. Equation (13) 
in the appendix can be used to predict the split length for epoxy matrices. However, 
it will greatly overpredict split length for metal matrices that behave more like 
elastic perfectly plastic materials. r 

Up to this point, only [0 m /±45 n /90p] g lay-ups have been considered. Another 
important family of lay-ups, [0 m /±a n ] g , will be analyzed here for completeness. 
Filament-wound and angle-ply [±ct] g lay-ups belong to this family. (Although 
filament-wound lay-ups are generally not symmetric, the results for symmetric lay-ups 
are reasonably accurate for axisymmetric pressure vessels.) 

Values of Kq predicted by equation (4) for a* = 0° are shown in figure 19 

for t°n/ ±a n^s lay-ups with various angles a and proportions of 0° plies X. The 

predictions were made with laminate constants that were calculated by using lamina 
constants and lamination theory. The elastic constants for [0 ) 8t T300/5208 in 
table I were used for the lamina constants. A 1 -percent failing strain was used 
f° r e tuf* As k e f° re > splitting is not taken into account. 

The value of Kq in figure 19 decreases with a and increases with X. For 

X = 0, two curves are shown - one for a* = 0° and one for a* = a (angle-ply 
lay-ups). The curve for a* = 0° is hypothetical, of course, and represents the 
limit as X becomes small. The 0° plies can be critical for small X when a is 
large because the strength of angle plies decreases dramatically with increasing a 
(ref. 12). For a > 60°, the strength ratio of a plies to 0° plies is less 
than 0.05. 

For angle-ply lay-ups with large a, failure tends to be via matrix and not 
fiber (refs. 12 and 13). Thus, the angle-ply curve in figure 19 will be over- 
predicted for a large a. Recall that Kq for the narrow (±45] 2 5208 specimens was 

limited by the restriction S net < F tu « 
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To show notch sensitivity for [0 m /±a n ] g , the predicted values of Kq are 
plotted against F tu in figure 20 for the various values of a and X. For the 
[±45 ] 2s angle-ply lay-ups, measured F tu values in table I were plotted; and for 
[tot], those in reference 12 were plotted. (The angle-ply curve was not plotted for 
X > 60°. ) For the lay-ups with various proportions of 0° plies, values of 
F tu = 0.01 0E were plotted. The curve for [0 m /90 n ] g is a lower bound for [0 m /±a n ] g 
lay-ups as well as for [0 m /±45 n /90p] g lay-ups. The curve for X = 0 is an upper 
bound except for angle-ply lay-ups with a > 45°. The curves for a > 45° are even 
above the curve for [0 m /±45 n ] g . Thus, the range of Kg values for [0 m /±a n ] g lay-ups 
is greater than that for [0 m /±45 n /90p] g lay-ups. 

For a given angle a, the notch sensitivity of all [0 m /±a n l g lay-ups (including 
angle ply) increases with X. The curve for X = 0 does not represent the least 
notch-sensitive lay-ups even though it is an upper bound for Kg. The least notch- 
sensitive lay-ups are defined by a locus of points for which a line through the 
origin is tangent to a X = Constant curve. This locus of points happens to coincide 
approximately with the angle-ply curve. The angle a varies between 40° and 45°, 
depending on X. Thus, for a given X, the least notch-sensitive [0 m /±a n ] g lay-ups 
have 40° < a < 45°. For a < 40°, notch sensitivity decreases with increasing a; 
and for a > 45°, it increases with increasing o. 

Recall that [0 m /±45 n ] g is also the least notch sensitive of all [0 n /±45 n /90p] g 

lay-ups. Therefore, for a given proportion of 0° plies, the least notch sensitive of 

all [0 m /±a„ ]_ and [0/±45 /9CLJ _ lay-ups is, for all intents and purposes, 
m* n s in 11 p o 

[0 m /±45 n l s * (Splitting, of course, could make other lay-ups less notch sensitive,) 

It was noted in the previous section that an increase in matrix strength 
increased the notch sensitivity of Cdr45 ] 2 S lay-ups whether or not crack-tip splits 
develop. This should be true of all angle-ply lay-ups, except a = 0°, as long as 

S net < F tu* 

Equation (4) predicts two important characteristics for quasi-isotropic lay-ups 
that do not split at the crack tips. These lay-ups include all balanced and sym- 
metric lay-ups with ply angles of 0°, 7 r/N Q , 2tt/N q , (N q - 1)tt/N 0 , ,,,, where 
N q > 3. First, since Kg is a constant for all lay-ups with E x = E y , Kg is a 

constant for all quasi-isotropic lay-ups, for example, [0/±60] g , [0/±45/90] g , 

[0/±36/±72] g , and so forth. Second, since the elastic constants are invariant, E y/£ 
and, consequently, Kg are invariant. Thus, in a quasi-isotropic laminate, Kg xs 
uniform in all directions parallel to the plane of the laminate, as are the elastic 
constants. These predictions for quasi-isotropic lay-ups will, of course, be valid 
only when the crack-tip damage is nonexistent or very small. Otherwise, Kg may not 
be quasi-isotropic. For example, crack-tip damage may be different between [0/±60] g 
and [90/±30] g . Consequently, actual Kg values may be different. (Uncracked 
strengths are different for [0/±60] and [90/±30] g . The [0/±60] g fails via fibers 
and the [90/±30] g fails via matrix.) 


CONCLUSIONS 

The fracture toughness Kg of T300/5208 and T300/BP-907 laminates with various 
proportions of 0°, ±45°, and 90° plies was determined by testing center-cracked 
specimens. It was also predicted with the general fracture- toughness parameter. The 
following conclusions were reached: 
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1. Predictions were good except when lay-ups tended to develop large crack-tip 
damage like splitting. 

2. The propensity to split can be predicted. 

3. With large crack— tip damage/ the strengths and Kq values were elevated. 

4. Strong, tough matrices, which allow little or no crack-tip damage, give 
minimum Kq values. 

Predictions were also made for [0 m /±45 n /90 p ] s and [O m /±a n l g lay-ups to determine 
how fiber and matrix properties as well as lay-up affect K . when failure was via 
fibers without crack-tip splitting, the following conclusions were reached: 

1. The Kq increases in proportion to fiber strength and fiber volume fraction. 

2. The Kq increases linearly with E 22 /E 1 1 . (The E 1 and E 2 are Young's 
moduli of the lamina parallel to and normal to the direction of the fibers, 
respectively. ) 

3. The Kq is larger when the modulus of non-0° fibers is greater than that of 
0° fibers. 

4. The Kq is lowest for [0 m /90 p ] g lay-ups. 

5. The Kq and ultimate tensile strength of a laminate are not uniquely related 
and, in general, do not increase proportionately. 

6. The Kq is the same for all lay-ups with E x = E^,. (The E x and E are 

the Young's moduli of the laminate parallel to and normal to X fhe slot^or 
crack, respectively. 

7. For a given proportion of 0° plies, the most notch- sensitive lay-ups are 
[° m /9°p] s and the least sensitive are [0 m /±45 n ] g and [±ct] g . 

8. Notch sensitivity increases with the proportion of 0° plies and, for 
[±a] s , decreases with a. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
August 31, 1984 
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APPENDIX 


SPLITTING PREDICTIONS 

The length of splits in the various plies of the laminates can be predicted by 
using the singular stress field from the theory of elasticity and the Tsai-Hill 
failure criterion. By using the notation in reference 5, the lamina strains in a ply 
with angle a are given by 



where the transformation matrix is 


[T] 

a 



2 

cos a 
, 2 

sin a 

1 

— sm 2a 


sin 2a 
-sin 2a 
-cos 2a 


and the matrix of laminate constants is 



Plane-stress conditions were assumed. The lamina stresses in the a ply are given 
by 
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where 


J 11 


1 ~ V 12 V 21 


v E 
21 1 1 


1 " V 12 V 21 


[QI = 


V 12 E 22 
1 “ V 12 V 21 


22 


1 " V 12 V 21 


0 


0 


0 


0 



a-j and are the normal stresses parallel to and perpendicular to the fibers , 

respectively, and t 12 the corresponding shear stress* 

For a specially orthotropic plate with a cracklike slot and remote uniaxial 
stress, the theory of elasticity gives the singular laminate stresses (ref* 14) 
along 0 = a as 


( ^ 

a 

x 

/ a y \ = K(2wr) 1/2 {D} ( 9 ) 

T 

l *yj 


where 


r r 

Re 


{D} = < 


Re 


Re 



^2 


“ ^2 

p 

1 


" W 2 

r»i 

OJ 

3. 




(H oPo - H y ) 


V. 


(H, “ H ) 
" W 2 1 2 


J 


= (sin a + y., cos a)~ 1//2 


and 


Ho = 


(sin a + y 2 cos a) 


- 1/2 
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and the real part of the complex expression is denoted by Re. The_ y^ anc ^_ 
two complex roots of the characteristic equation (ref. 14). (The y^ and y 
the other two complex roots where y^ and y 2 are the complex conjugates of 
and y 2 f respectively.) For C 2 > 1 , 



and for -1 < C 9 < 1 , 


y i = 


C 1 { 1 - c 2 ) 


1/2 


+ i 


C 1 (1 + C 2 ) 


, 1/2 


C 1 0 


V 


1 * 1/2 


+ 1 


c,<1 + c 2 ) 


, 1/2 


where 



and 



Materials cannot have C 2 < -1 (real y 1 and y 2 ) • 
Combining equations (7), (8), and (9) gives 


r -\ 
CT i 


r 'n 

M i 

a 2 

■ 7*n| 

M 2 ) 

IS 

a 

M 

1 2 

V. Jk 


y 2 are 
are 


( 10 ) 
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where 


r ^ 

", 

< m , ? 


j^M 


12 


V 


[Q][T] [g ] {D} 
a 


The Tsai-Hill failure criterion (ref. 5) is 



where a 1mu , cr 2u , and t 12u are the allowables for cr 1m , a 2 , and x 12 r 
respectively, and 


( 11 ) 


1m 


= cr-E /E 
1 m' 


11 


( 12 ) 


where E m is Young's modulus of the neat resin. For both 5208 and BP-907 resins, 
was assume< 3 equal to 3.5 GPa. The matrix stress a-| m was used in equation (11) 
rather than a ^ because the failure with a ^ acting alone is via fiber and not 
matrix. Thus, the use of a ^ (stress in fiber) in equation (11) would be inappro- 
priate for predicting split length. (Splitting is matrix failure.) Equation (12) is 
exact only for a state of uniaxial stress. The error in its use here is not believed 
to be significant. 

Substituting equations (10) and (12) into (11), replacing K by K Q and r 
by £ a , and solving for £ a gives y 


£ = £- + £ 0 
a la 2a 


2u 

T 1mu 


■(* 


la £ 2a) 


1/2 


+ i 


12a 


(13) 


where 


K e/ M i 


"la 2 tt\ct 


Imu/a 


2a 2 A°J a 
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and 


'12a 



In equation (13), Z a corresponds to the split length in the ply with angle a 

when the specimen fails and Z. , £. , and jL _ are contributions from a 1m , a 0 , 

la 2a 12a lm * 

and respectively. Also, Z„ , Z~ , and correspond to split lengths 

1 z la 2a 1 2a 

given by maximum-stress criteria. The calculations of Z a were made with the 

elastic constants in table I, the values of cr<| mu , cr 2u , anc ^ T 12u ta k^ e and 

the predicted values of Kg. For all the lay-ups in table I, a ^ and a 2 given by 

equation (10) are tension. 

The allowables in table VII were determined as follows. The values of t 12u 
were calculated as one-half the tensile strengths of the [±45] 2g lay-ups in table I. 
Neat-resin strengths (ref. 3) were used for a^ mu , and in situ strengths of 90° plies 

were used for a 2u * The values of a 2u for 5208 were determined from tensile tests 

of the various lay-ups (ref* 4). They were calculated for the 90° plies at failure, 
in which failure was indicated by deviations in the tangent modulus of the stress- 
strain curves. Notice that the resulting a 2u values decrease with the number of 
contiguous 90° plies and vary with their location. The strength of one 90° surface 
ply or one or two 90° interior plies is as large as that of the neat resin. However, 
the strength of four 90° interior plies or two 90° surface plies is as small as that 
of [90]g T . For BP-907, tensile-test data were available only for the neat resin and 
[90] bt* T * ie rat i° of a 2u ^ or neat resin to cr 2u for [90] g T is about the same for 
BP-907 as for 5208. Therefore, the a 2u values for the other BP-907 lay-ups were 
calculated from the neat-resin strength by using the strength ratios for the 5208 
lay-ups as factors. 

Typical a 2 and t 12 stress-strain curves for BP-907 and 5208 lamina are 
plotted in figure 21 for comparison. The cr 2 curves were determined from tensile 
tests of [90] g T specimens; and the t^ 2 curves, from tensile tests of [±45] 2g 
specimens. 
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E , 

E - 

Laminate 

y' 

x' 


GPa 

GPa 


[0] g T 

129 

10.9 

[0 2 /90/0] s 

100 

40.7 

[0 2 /45/0 2 /-45/0 2 ] s 

103 

17.9 

[90/0] 2s 

70.5 

70.5 

[90/0/90/0/45/0/-45/0] s 

76.4 

47.4 

[45/0/-45/0] g 

75.3 

23.3 

[45/07-45/01^3 

75.3 

23.3 

[±45/0/±45/0] g 

50.0 

25.6 

[45/0/-45/90] s 

51.4 

51.4 

[90/45/90/-45] s 

23.3 

75.3 

[±45] 2s 

19.6 

19.6 



[o] 8T 

109 

8.32 

[ 45/0/-45/0 ] 2g 

63.4 

19.2 

[45/0/-45/90] 2g 

43.1 

43.1 

[±45] 2s 

16.7 

16.7 



T300/5208 


0.312 

.0836 

.551 

.0482 

.214 

.649 

.649 

.698 

.307 

.201 

.735 


T300/BP— 907 


0.314 


.654 16.5 

.303 16.5 


4.82 0.913 
6.5 .642 
6.5 .697 


F tU ( an< 3 E y e tuf^' 

MPa 


5.65 

0.910 

5.65 

.947 

12.7 

.770 

5.65 

.952 

12.7 

.831 

19.7 

.639 

19.7 

.639 

26.0 

.501 

19.7 

.693 

19.7 

.497 

33.7 

.265 


.730 28.2 


1330 (1090) 
667 (634) 

453 (431 ) 

198 




0.00902 
.0101 
.00949 
.00896 
.00980 
.00769 
. 00961 
.0102 
.00855 
.0104 
.0127 

































































TABLE II.- Continued 
(g) [±45/0/±45/0] g 



a [45/-45/0/-45/45/0/45/-45/0/45/-45] T . 

b [45/-45/0/45/-45/0/-45/45/0/-45/45] T . 


(h) [45/0/-45/901 



[45/0/-45/90] 

[45/90/-45/0] 






































TABLE III.- FRACTURE DATA FOR T300/BP-907 LAY-UPS 


(a) [45/0/-45/0] 


Crack 
length, 
2a, mm 

Strength, 
S c , MPa 

S . 
net 

F 

tu 

Fracture 
toughness , 
K Q , GPa-mm 1 ' 2 


w = 

50 mm 


5.0 

345 

0.605 

1.16 


342 

.599 

1.15 


343 

.601 

1.15 


338 

.592 

1 .13 

10.0 

270 

0.532 

1.22 


296 

.584 

1 .37 


276 

.544 

1.25 


266 

.524 

1 .20 

20.0 

183 

0.481 

1.21 


186 

.489 

1 .22 


194 

.510 

1.29 


184 

.484 

1 .21 


W = 

100 mm 


20.0 

226 

0.446 

1 .40 


214 

.422 

1.31 


201 

.396 

1 .22 


198 

.390 

1.20 

— 

40.0 

130 

0.342 

1 .18 


123 

.323 

1.11 


141 

.371 

1 .28 


131 

.344 

1.18 




















TABLE III.- Continued 


(b) [45/0/-45/90] 2g 


Crack 
length, 
2a , mm 

Strength, 
S c , MPa 

S net 

F tu 

Fracture 
toughness, 
K q , GPa-mm 1/2 

Remarks 

W = 50 mm 

5.0 

276 

0.712 

1.02 

(a) 


287 

.740 

1 .09 

(a) 


287 

.740 

1.09 

(a) 


286 

.737 

1 .08 

(a) 


278 

.717 

1.03 

(b) 


276 

.712 

1 .02 

(b) 


294 

.758 

1.14 

(b) 


278 

.717 

1 .03 

(b) 

1 0.0 

227 

0.658 

1.10 

(a) 


226 

.655 

1 .09 

(a) 


223 

.647 

1.07 

(a) 


226 

.655 

1 .09 

(a) 

20.0 

143 

0.553 

0.96 

(a) 


132 

.510 

. 

00 

(a) 


154 

.596 

1.05 

(a) 


159 

.615 

1 .09 

(a) 


158 

.611 

1.08 

(b) 


151 

.584 

1 .02 

(b) 


154 

.596 

1.05 

(b) 


153 

.592 

1 .04 

(b) 

W = 100 mm 

20.0 

172 

0.499 

1 .08 

(a) 


156 

.452 

.96 

(a) 


172 

.499 

1 .08 

(a) 


173 

.502 

1.09 

(a) 

40.0 

114 

0.441 

1 .05 

(a) 


102 

.394 

.93 

(a) 


115 

.445 

1 .06 

(a) 


109 

.422 

1.01 

(a) 


[45/0/-45/90] 2g . 
b [45/90/-45/0] 2g . 


34 










































TABLE IV.- MEASURED AND PREDICTED VALUES OF 


Lay-up 

Predicted 

K n , 

GPa-mm 1 / 2 

Average 
measured K 0 , 

Gt.a-m.V22 

Coefficient 

of 

variation 

T300/5208 

[OJqt 

2*126 



[0 2 /90/0] g 

1*590 

5.600 

0.283 

[0 2 /45/0 2 /-45/0 2 ] s 

2*000 

3.260 

.194 

[ 90/0] 2g 

1.110 

1.430 

.180 

[ 90/0/90/ 0/45/0/-45/0 ] g 

1 .380 

1 .390 

.0993 

[45/0/-45/0] g 

1.770 

1.610 

.144 

[45/0/-45/0] 2g 

1 .770 

1 .610 

.0981 

[±45/0/±45/0] g 

1.50 

1.550 

.141 

[ 45/0/-45/90] g 

1.110 

1.350 

.0753 

[90/45/90/-45] 

.704 

1 .090 

.139 

It45! 2s 

1.110 

1.200 

.210 

T300/BP-907 

[0] 8t 

1.791 



[45/0/-45/0] 2g 

1.480 

1.220 

0.0623 

[45/0/-45/90] 2g 

.928 

1 .050 

.0557 

‘* 45 >2s 

.928 

.644 

.0394 




TABLE V.- PREDICTED SPLIT 


Laminate 



T300/5208 


[0] 8T 

0.46 

7.83 

6.17 

13.20 


[0 2 /90/0] s 

.36 

2.51 

4.46 

6.69 


[0 2 /45/0 2 /-45/0 2 ] s 

.37 

2.20 

1 .51 

3.48 

0.58 

[90/0] 2s 

.41 

.63 

2.64 

3.18 


[90/0/90/0/45/0/-45/0] s 

.28 

.57 

.92 

1.37 

.26 

[45/0/-45/0] g 

.35 

.29 

.62 

.95 

.39 

[45/0/-45/0] 2g 

.35 

.29 

.62 

.95 

.39 

[±45/0/±45/0] 

.37 

.06 

.32 

.60 

.29 

[ 45/0/-45/90] g 

.25 

.29 

.32 

.58 

.19 

[90/45/90/-45] s 





.19 

[± 45 J 2 s 





.25 


[45/0/-45/0] 2g 
[45/0/-45/90] 2s 
[±45]~ 


T300/BP-907 


9 

2.74 

3.04 

5.54 


4 

.07 

.31 

.43 

0.16 

0 

.07 

.16 

.25 

.08 





.10 


BE 


o 


plies (a = 45°) 


90° plies (a = 90°) 
(a) 


Z 2a’ 

£ 12a' 

V 

£ 1«' 

l 2a' 

V 

mm 

mm 

mm 

mm 

mm 

mm 





0.34 

2.91 

2.25 

2.98 

0.00 

2.24 







.14 

2.24 

1.82 

1.33 

.12 

1.12 

.23 

2.55 

2.01 

2.24 

.08 

1.78 




2.24 

.08 

1 .78 




1.85 

.38 

1.78 




1.40 

.27 

1.34 

.14 

2.23 

1.81 

2.19 

.71 

2.44 

.08 

2.97 

2.57 

1.90 

2.13 

3.58 



j 


0.54 

.34 

.45 


0.04 

.14 

1.05 















TABLE VI.- PREDICTED ELASTIC CONSTANTS AND Kg VALUES FOR LAY-UPS OF 
T300 GRAPHITE, KEVLAR 49, AND S-GLASS AND FOR HYBRIDS 


Lay-up 



E y' 

GPa 

V 

GPa 

v yx 

G xy' 

GPa 

K 

Kg, 

GPa-mm 1 / 2 

T300 graphite /epoxy 

[0/±45/90/0] s 

1 

51 .4 

0.307 

■31 

0.694 

1.11 

[0 2 /±45/90] s 


44.6 

.307 

US 

.750 

1.34 

Kevlar 49/epoxy 

[ 0/ ±45/90] g 

28, 1 

28.1 

0.336 

10.5 

0.664 

1.05 

[0 2 /±45/90] s 

37.3 

24.4 

.339 

8.83 

.726 

1 .28 

S-glass/epoxy 

[0/±45/90] g 

25.9 

25.9 

0.353 

9.56 

0.647 

mm 

(0 2 /±45/90] s 

30.6 

24.7 

.345 

8.55 

.691 

WBM 

Kevlar 49/T300 graphite /epoxy hybrid 

a [0/±45/90] g 

37.5 

48.3 

0.310 


0.649 

m 

a [0 2 /±45/90] s 

44.9 

41 .1 

.312 

■ 

.701 

mm 

S-glass/T300-graphite /epoxy hybrid 

a [0/±45/90] s 

31.3 

49.8 

0.306 

IBS 

0.615 

■ 

a [0 2 /±45/90] g 

35.0 

44.5 

.305 

mm 

.656 

BBI 


a Off-axis plies are T300 graphite /epoxy. 







































TABLE VII.- ALLOWABLE MATRIX STRESSES 


5208 

BP-907 

Test method 

a 1mu' MPa 

1 

57.6 

1 

90.0 

Neat-resin tensile test 

cr 2u , MPa 



Tensile tests of lay-ups with - 

38.3 

52.9 

All 90° plies 

38.3 

52.9 

Four interior 90° plies 3 

38.3 

52.9 

Two surface 90° plies 3 

57.6 

90.0 

One surface 90° ply 

57.6 

90.0 

Two interior 90° plies 3 

57.6 

90.0 

One interior 90° ply 


Tensile test of [± 4 5] 2s 


Contiguous plies 
















Figure 1.- Fracture toughness plotted against ultimate tensile 
strength for T300 graphite/epoxy composites and metals. 



Figure 2.- Tensile stress-strain curves for 
5208 and BP-907 neat resins. 






Figure 4. Radiographs of 50-mm-wide specimens near failure. Applied 
stresses are given as a ratio to the failing stress. For 
5208 specimens, 2a = 1 5 mm; for BP-907 specimens, 2a = 20 mm. 
Specimens are 5208 unless noted otherwise. 
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Figure 4.- Concluded. 
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(g) [45/0/-45/0 ] 2s T300/BP-907 








(a) [90/45/90/-45] g T300/5208 



(b) [±45] 2g T300/5208. 

Figure 9.- Measured and predicted strengths for 
lay-ups without 0° plies. 
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(c) [±45] 2s T300/BP-907 ; W = 50 mm. 


Figure 9.- Concluded. 



Figure 10.- Tension stress-strain curve for [±45 ] 2s BP-907. 
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Figure 11.- Effect of fiber strength on Kg of [0/±45/90] s laminates 
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Figure 12.- Values of K q for [45/0/-45/90] 2 S hybrids with 5208 matrix. 
For hybrids, off-axis plies are T300 graphite. 
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Figure 13.- Values of Kq for [45/0 m /-45/90] 2s hybrids with 5208 matrix. 
For hybrids, off-axis plies are T300 graphite. 
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Figure 15.- Effect of matrix on strength. BP-907 strengths were adjusted 
for differences between of BP-907 and 5208. 
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Figure 17.- Effect of lay-up on K Q for [0 m /±45 n /90] s T300/5208. 
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Figure 20.- K Q plotted against F tu 


for [0 /±a n ] s T300/5208. 








(a) [90 ] q t in tension 



Figure 21 


Stress-strain curves for 5208 and BP-907 lamina 






1. Report No, 

2. Government Accession No. 

NASA TP- 2370 



4. Title and Subtitle 

FRACTURE TOUGHNESS OF FIBROUS COMPOSITE MATERIALS 


7. Author(s) 

C. C. Poe, Jr. 

9. Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, VA 23665 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, DC 20546 

15. Supplementary Notes 


16. Abstract 


3. Recipient's Catalog No. 

5. Report Date 
November 1984 

6. Performing Organization Code 
506-53-23-05 

8. Performing Organization Report No. 
L-15848 

10. Work Unit No. 

11. Contract or Grant No. 

13. Type of Report and Period Covered 
Technical Paper 

14. Sponsoring Agency Code 


Laminates with various proportions of 0°, ±45°, and 90° plies were fabricated from 
T300/5208 and T300/BP-907 graphite /epoxy prepreg tape material. The fracture 
toughness of each laminate orientation or lay-up was determined by testing center- 
cracked specimens, and it was also predicted with the general fracture-toughness 
parameter. The predictions were good except when crack-tip splitting was large, at 
which time the toughness and strengths tended to be underpredicted. By using 
predictions, a parametric study was also made of factors that influence fracture 
toughness. Fiber and matrix properties as well as lay-up were investigated, and 
both [0 m /±45 n /90p] g and [0 m /±a n ] g lay-ups were considered. Without crack-tip 
splitting, fracture toughness increases in proportion to fiber strength and fiber 
volume fraction, increases linearly with E 22 / E 'j is largest when the modulus of 
non-0° fibers is greater than that of 0° fibers, and is smallest for £0 m /90p>] g 
lay-ups. (The E^ ^ and E 22 are Young’s moduli of the lamina parallel to and 
normal to the direction of the fibers, respectively. ) For a given proportion 
of 0° plies, the most notch-sensitive lay-ups are [0 m /90 ] g and the least sensitive 
are [ 0 m /± 4 5 n ] s and [±a] g . Notch sensitivity increases with the proportion of 0° 
plies and decreases with a. Strong, tough matrix materials, which inhibit 
crack-tip splitting, generally lead to minimum fracture toughness. 


17. Key Words (Suggested by Author(s)) 18. Distribution Statement 

Composite materials Unclassified - Unlimited 

Fracture toughness 

Graphite/epoxy 

Hybrids 

Subject Category 24 

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price 

Unclassified Unclassified 67 A04 


For sale by the National Technical Information Service, Springfield, Virginia 22161 


NASA-Langley , 1984 






















Nation! Aeronautics and 
Space Administration 

Washington, D.C. 

20546 

Official Business 

Penalty for Private Use, $300 




POSTMASTER: 


If Undeliverable (Section 158 
Postal Manual) Do Not Return 


